Introduction
============

The performance of organic field-effect transistors, light-emitting diodes, and solar cells (including perovskite solar cells) critically depends on the charge transport efficiency of organic semiconductors (OSCs).[@cit1] This is the efficiency with which electrons or holes move within the organic semiconducting layer(s). The three-dimensional organisation of OSCs in the solid state is one of the key factors that dominate the charge transport efficiency. Among different packing configurations, lamellar (1D or 2D) π-stacking (face-to-face) has been identified as an optimal configuration for electronic transport, as a result of an efficient intermolecular electronic coupling.[@cit1] Therefore, improving the ability to organise OSCs into lamellar face-to-face π-stacking configurations in the solid state is crucial in order to increase the performance of electronic devices.

Acenes are polycyclic aromatic hydrocarbons constituted of linearly fused aromatic rings that have received a lot of attention as OSCs because their inherent and tunable absorbing, emissive, and charge transport properties have shown a lot of potential for electronic,[@cit2] photovoltaic,[@cit3] and singlet fission[@cit4] applications, among others. However, the most common packing configuration observed in acenes is the herringbone packing without π--π overlap (edge-to-face) rather than the lamellar π-stacking configuration (face-to-face) optimal for charge transport applications.[@cit2a],[@cit2b] Several strategies have been successfully developed to enforce such lamellar face-to-face π-stacking configurations in acenes, which include the introduction of bulky substituents,[@cit2a]--[@cit2e] heteroatoms,[@cit5] and hydrogen bonding motifs,[@cit5c],[@cit6] the polarisation of the aromatic framework,[@cit7] and their integration on cyclophane[@cit8] or foldamer[@cit9] architectures. Yet, predicting the solid-state organization of acenes is a difficult task since small structural modifications in the acene framework can have an unexpected impact on packing,[@cit2a],[@cit2b] something that continuously defies our ability to control solid-state organisation.

Herein, we describe a new solid-state ordering approach that allows obtaining lamellar 1D mixed π-stacks of acene and azaacene derivatives ([Scheme 1](#sch1){ref-type="fig"}). Through this approach, a set of different phenazine derivatives have been intercalated within a macrocycle with two anthracene moieties into a supramolecular complex with a pseudorotaxane architecture, in which the three components are arranged in a face-to-face configuration. Such pseudorotaxanes pile up, giving rise to lamellar 1D face-to-face π-stacks in the solid state, which are optimal for charge transport applications. This packing configuration is persistent over the set of six phenazine derivatives studied. In addition, we show that charge transport can be modulated by the electronic nature of the encapsulated phenazine, opening new perspectives in the design, preparation and development of supramolecular OSCs.

![Schematic representation of the solid-state ordering approach.](c8sc04845b-s1){#sch1}

Results and discussion
======================

Design, synthesis and structural characterisation
-------------------------------------------------

Pseudorotaxanes **2\@1--7\@1** were prepared by combining macrocycle **1** with the individual phenazine derivatives **2--7**, respectively ([Scheme 1](#sch1){ref-type="fig"} and [Fig. 1](#fig1){ref-type="fig"}). Pseudorotaxane precursors **1--7** were synthesised according to the procedures described in the ESI.[†](#fn1){ref-type="fn"}

![Chemical structures of macrocycle **1**, phenazines **2--7** and pseudorotaxanes **2\@1--7\@1**.](c8sc04845b-f1){#fig1}

We selected macrocycle **1**[@cit10] as a host because of (i) its inner cavity with a face to face distance from anthracene to anthracene of 7.21 Å ([Fig. 2](#fig2){ref-type="fig"}) that allows the encapsulation of an aromatic compound; (ii) the presence of the two anthracene units that provides an element for recognition both at the encapsulation level and at the supramolecular organisation level; (iii) the amide hydrogen bond donating binding sites that promote the encapsulation of hydrogen bond accepting guests. Macrocycle **1**[@cit10] and its derivatives[@cit11] have proven to be quite promiscuous and a variety of organic dyes, sugars, and even inorganic ions have been found to accommodate within its cavity.

![X-ray structures and packing of **1** and **2\@1--7\@1**.](c8sc04845b-f2){#fig2}

Phenazine derivatives **2--7** ([Fig. 1](#fig1){ref-type="fig"}) were selected as guests because of (i) their structural and electronic complementarity with macrocycle **1**, with three linearly fused rings in all cases, and (ii) the presence of hydrogen bond accepting moieties in the appropriate arrangement for binding the macrocycle\'s amides. Phenazine derivatives **2--7** can be organised in two groups, unsubstituted (**2--4**) and dimethoxy-substituted (**5--7**), which allow studying the effect of the different types of hydrogen bond accepting moieties present in the phenazine framework (sp^2^ N atoms, *N*-oxide and di-*N*-oxide) on the overall electronic structure and packing.

First, macrocycle **1** was combined with the individual phenazine derivatives **2--7**, in a 1 : 1 ratio in chloroform. Then, single crystals suitable for X-ray diffraction studies were obtained from these 1 : 1 solutions using liquid--liquid diffusion protocols. The crystallization conditions are summarized in the ESI (Table S2[†](#fn1){ref-type="fn"}).

In all cases the X-ray structures reveal that the different phenazines intercalate between the two anthracenes of macrocycle **1** in a pseudorotaxane architecture ([Fig. 2](#fig2){ref-type="fig"}). Either the sp^2^ N atoms of the central pyrazine ring or the *N*-oxides engage in hydrogen bonds with the macrocycle\'s amides, giving rise to a hydrogen bond network with the additional contribution of the intramacrocycle hydrogen bonds between the amides and the pyridinic N. In addition, all phenazines are sandwiched between anthracene moieties at π-stacking distances between 3.38 and 3.54 Å ([Fig. 2](#fig2){ref-type="fig"}).

In terms of packing, macrocycle **1** is organized in chain-like structures in the crystal, where one pyridyl ring stacks in an antiparallel fashion with another pyridyl ring to an adjacent macrocycle ([Fig. 2](#fig2){ref-type="fig"}). The packing motif is quite different for the crystal structures of pseudorotaxanes **2\@1--7\@1**. For instance, the inclusion of phenazine derivatives **2--7** in the cavity of macrocycle **1** gives rise to 1D columnar structures of the resulting pseudorotaxanes, in which one pseudorotaxane is stacked on top of the other by the anthracene moieties at π-stacking distances between 3.45 and 3.61 Å ([Fig. 2](#fig2){ref-type="fig"}). This packing motif is persistent over the whole pseudorotaxane series, even in the presence of crystallisation solvents in some of the structures (not shown), which tend to accommodate in between the pseudorotaxane columns.

Spectroscopic characterization in the solid state
-------------------------------------------------

To gain additional insight on the nature of the intrapseudorotaxane interactions, the optoelectronic and vibrational properties of the pseudorotaxanes in the solid state were investigated. Polycrystalline powder samples obtained by EtOH assisted precipitation of the pseudorotaxanes assembled in CHCl~3~ solutions were used in these experiments in order to obtain reasonable provisions for spectroscopic characterisation. These powder samples of **2\@1--7\@1** show the same colour of the corresponding single crystals. Furthermore, the colour of macrocycle **1** and phenazines **2--7** in the powder form is completely different from the colour of the pseudorotaxanes **2\@1--7\@1** ([Fig. 4](#fig4){ref-type="fig"}), as previously observed in solution. In particular, macrocycle **1** is white-yellowish and, in general, phenazines are yellow with the exception of di-*N*-oxy phenazines **4** and **7**, which are red, whereas pseudorotaxanes show much darker colours ranging from orange to garnet, depending on the encapsulated phenazine.

### Solid-state electronic absorption

Electronic absorption brings to light that, in addition to the hydrogen bonds between the phenazines and the macrocycle, the formation of the pseudorotaxanes is also governed by charge transfer (CT) interactions. The electronic UV-vis absorption spectra reveal in all pseudorotaxanes an additional broad absorption band which was not present in the absorption spectra of the corresponding precursors, which was attributed to an intrapseudorotaxane charge transfer (CT) excitation between the external π-electron-rich anthracenes and π-electron-deficient phenazines ([Table 1](#tab1){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}). The presence of such CT bands in the electronic absorption spectra is also consistent with the colour change observed upon intercalation. In the unsubstituted phenazine series a clear red shift of the experimental CT band can be clearly observed with *N*-oxidation (Δ*λ***^2\@1^**^→^**^3\@1^** = 107 nm and Δ*λ***^2\@1^**^→^**^4\@1^** = 123 nm on). A similar trend was also observed in the dimethoxyphenazine series (Δ*λ***^5\@1^**^→^**^6\@1^** = 75 nm and Δ*λ***^5\@1^**^→^**^7\@1^** = 61 nm). When compared with non-*N*-oxidized phenazines, a smaller red shift can be observed upon the introduction of dimethoxy substituents (Δ*λ***^2\@1^**^→^**^5\@1^** = 64 nm).

###### Selected optoelectronic properties. Experimental wavelengths of the charge transfer (CT) absorption bands from the solid-state UV-vis spectra measured in the absorption maxima and in the absorption onsets. The peak maxima were obtained by deconvolution of the spectra. Theoretical charge transfer peaks, M06-2X/6-31+g(d,p) TD-DFT for the crystalline geometries. Experimental wavelengths of the solid-state photoluminescence (PL) bands in the emission maxima

  Compound   CT peak (onset)/nm   CT peak/nm, M06-2X 6-31+g(d,p)   PL/nm
  ---------- -------------------- -------------------------------- -------
  **1**      ---                  ---                              ---
  **2\@1**   412 (455)            459                              588
  **3\@1**   519 (691)            500                              650
  **4\@1**   535 (651)            567                              ---
  **5\@1**   476 (587)            447                              566
  **6\@1**   551 (665)            512                              616
  **7\@1**   537 (649)            530                              ---

![Electronic absorption, photoluminescence and colour of the solids (under natural (bottom) and UV (top) light.](c8sc04845b-f3){#fig3}

![Solid-state Raman characterisation.](c8sc04845b-f4){#fig4}

The calculated electronic spectra (M062X/6-31+g(d,p)) ([Tables 1](#tab1){ref-type="table"} and S3[†](#fn1){ref-type="fn"}) show a good match with the experimental energies of the CT bands, which are the result of HOMO→LUMO contributions larger than 90%. The existing CT interactions can be also illustrated by calculating the orbital energies and the charge densities (B3LYP/6-31+g(d,p)) (Fig. S5[†](#fn1){ref-type="fn"}). In all cases, the largest densities for the HOMO of the complex are on the anthracenes, while the LUMO of all complexes shows larger densities on the encapsulated phenazines.

### Solid-state photoluminescence

Photoluminescence measurements also support an excited state electronic interaction between anthracene moieties in the macrocycle and the encapsulated phenazines for the emitting solids. A highly shifted emission was observed for complexes **2\@1**, **3\@1**, **5\@1** and **6\@1** in comparison to macrocycle **1**, which was used as a reference (Δ*λ*~em~**^1^**^→^**^2\@1^** = 132 nm, Δ*λ*~em~**^1^**^→^**^3\@1^** = 194 nm, Δ*λ*~em~**^1^**^→^**^5\@1^** = 110 nm, and Δ*λ*~em~**^1^**^→^**^6\@1^** = 170 nm). The red shifts, both in the unsubstituted series and the dimethoxy series, increase upon the oxidation of the phenazine. Pseudorotaxanes **4\@1** and **7\@1**, which contain di-*N*-oxide phenazines **4** and **7**, showed no emission. We assigned the emission observed in complexes **2\@1**, **3\@1**, **5\@1**, and **6\@1** to a π--π exciplex state formed between the LUMO of the phenazine and the HOMO of the anthracenes in the encapsulating macrocycle, which evidences an efficient electronic interaction between the anthracenes in the macrocycle and the encapsulated phenazine derivatives.

### Solid-state Raman spectroscopy

Raman spectroscopy was carried out to shine light on the nature of the intrapseudorotaxane interactions in the ground state. For this, we investigated the frequency of the *ν*(C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C) modes as they display a frequency downshift (Δ*ν*) upon ground electronic state charge transfer (electrons released from the anthracenes) or ground electronic state polarization (between the donor and acceptor groups of the same molecule, *i.e.*, by methoxy and *N*-oxide functionalizations), and this will be the spectroscopic Raman fingerprint of the electronic interaction mode between macrocycle **1** and the intercalated phenazines.

Macrocycle **1** is the common component of all complexes and thus serves as the reference. Intercalation with phenazine **2** produces moderate alteration of the ground electronic state structure due to wavefunction overlap between the components and this increases proportionally to the number of *N*-oxides included (Δ*ν***^1^**^→^**^2\@1^** = 0 cm^--1^, Δ*ν***^1^**^→^**^3\@1^** = 1.6 cm^--1^, and Δ*ν***^1^**^→^**^4\@1^** = 3 cm^--1^). These changes are typical of long distance π--π stacking. The inclusion of electron-donating dimethoxy groups in the phenazine significantly reinforces the coupling in the ground electronic state between the three stacked acenes in comparison to the situation without substitution (Δ*ν***^1^**^→^**^5\@1^** = 2.0 cm^--1^, Δ*ν***^1^**^→^**^6\@1^** = 3.3 cm^--1^, and Δ*ν***^1^**^→^**^7\@1^** = 4.0 cm^--1^). This assignment is also consistent with the analysis of amide I stretching modes (see ESI[†](#fn1){ref-type="fn"}) and with the electronic absorption spectra (see above).

### Correlation between electronic absorption and Raman spectroscopy

The variation of the energies of the peak maxima in electronic absorption and Raman frequencies from macrocycle **1** to the complex along the whole series of compounds were correlated ([Fig. 5](#fig5){ref-type="fig"}), which reveals a common pattern of variation in line with both being part of the same phenomenon, charge excitation between the ground electronic state and the first excited state and charge polarization in the ground state, respectively. These results illustrate that by increasing the number of *N*-oxides in the phenazine core and by introducing dimethoxy substituents, both CP and CT become energetically more accessible and therefore the pseudorotaxane is more polarised. Overall, an encapsulated phenazine/pseudorotaxane property relationship can be established: (i) when the phenazines are unsubstituted, the inclusion of *N*-oxide substituents generates more polarization and charge transfer character; (ii) when the phenazines show methoxy substituents, the inclusion of *N*-oxide substituents generates also more polarization and charge transfer character, but in this case such polarization takes place to a higher extent (with higher Δ*ν* and Δ*E* values). These differences can be rationalized in terms of the polarization axis, as in the case of unsubstituted phenazines polarization takes places on the perpendicular molecular axis, while in the case of dimethoxy-substituted phenazines polarization takes place through the much longer longitudinal molecular axis.

![Correlation between electronic absorption and Raman spectroscopy. Top (red): representation of the variation (Δ*ν*) of the wavenumber value of the main *ν*(C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C) Raman band of the complexes regarding the same Raman band of the individual macrocycle. Bottom (green): normalized variation (Δ*E*) of the energy of the CT electronic absorption band of the complexes regarding the absorption band of the macrocycle.](c8sc04845b-f5){#fig5}

Charge transport properties in the solid state
----------------------------------------------

To understand how charge transport is affected by the nature of the encapsulated phenazine, the charge transport properties of macrocycle **1**, phenazines **2--7** and pseudorotaxanes **2\@1--7\@1** were probed at the intrapseudorotaxane level by time-resolved microwave conductivity (TRMC)[@cit12] of polycrystalline powder samples. This method makes possible the evaluation of the intrinsic and anisotropic charge-transport properties of materials without introducing electrodes on the charge separation/recombination length-scale, which fall within the intrapseudorotaxane regime. Here, the transient conductivity is defined as *φ*∑*μ*, where *φ* and ∑*μ* are the photocarrier-generation yield and the sum of the mobilities of the generated charge carriers, respectively. The values were extracted from the resultant rise and decay profiles of transient conductivities (Fig. S7 and S8[†](#fn1){ref-type="fn"}). The *φ*∑*μ* maxima can be considered the minimum mobility of the material.

The *φ*∑*μ* values observed for pseudorotaxanes **2\@1--7\@1** were in the order of 10^--4^ cm^2^ V^--1^ s^--1^, while a *φ*∑*μ* = 6.9 × 10^--5^ cm^2^ V^--1^ s^--1^ was observed for empty macrocycle **1** which was used as a reference ([Fig. 6](#fig6){ref-type="fig"}). This clearly evidences that the intercalation of the phenazine within the macrocycle has an enhancing effect on the transient conductivities in all cases, which is consistent with the structure, as the phenazine interconnects the external macrocycle\'s anthracenes by π-stacking, opening intrapseudorotaxane channels optimal for charge transport. In addition, these studies reveal the interdependence of the electronic properties of the encapsulated phenazine with intrapseudorotaxane charge transport.

![*φ*∑*μ* maxima of macrocycle **1** and pseudorotaxanes **2\@1--7\@1** in the solid state.](c8sc04845b-f6){#fig6}

In particular, in the group of unsubstituted phenazines, pseudorotaxane **2\@1** shows a *φ*∑*μ* value (2.1 × 10^--4^ cm^2^ V^--1^ s^--1^) that is three times higher than that of macrocycle **1**. The *φ*∑*μ* value of **3\@1** (2.1 × 10^--4^ cm^2^ V^--1^ s^--1^) is similar to that of **2\@1**. In contrast, the *φ*∑*μ* value of **4\@1** (2.7 × 10^--4^ cm^2^ V^--1^ s^--1^) shows a 4-fold increase in comparison to that of **1**. In the group of dimethoxyphenazines, pseudorotaxanes **5\@1--7\@1** also display higher *φ*∑*μ* values in comparison to bare macrocycle **1**. Pseudorotaxane **5\@1** exhibits a *φ*∑*μ* value that shows a 4-fold increase (2.8 × 10^--4^ cm^2^ V^--1^ s^--1^) compared to that of macrocycle **1** and is the highest of the whole pseudorotaxane series. Although the overall *φ*∑*μ* is higher than in the unsubstituted phenazine series, the same trend was observed in **5\@1--7\@1**, as the *φ*∑*μ* decreases for mono-*N*-oxidized **6\@1** (2.2 × 10^--4^ cm^2^ V^--1^ s^--1^) and remains slightly lower for di-*N*-oxidized **7\@1** (2.7 × 10^--4^ cm^2^ V^--1^ s^--1^).

Conclusions
===========

We have reported an ordering approach that allows effective control over the molecular orientation of anthracene and phenazine derivatives in the solid state. Through this approach, a phenazine derivative is encapsulated by macrocycle **1** with two anthracene moieties into a supramolecular complex with a pseudorotaxane architecture held together by hydrogen bonds and charge transfer interactions, which upon crystallisation provides lamellar 1D π-stack architectures in the solid state. The electronic nature of the intercalated phenazine directly affects the several optoelectronic properties of intrapseudorotaxanes, such as electronic absorption, photoluminescence and Raman frequencies that shine light on the nature of the intrapseudorotaxane interactions. Remarkably, the intercalation of phenazines in the cavity of the macrocycle improves the *φ*∑*μ* values of intrapseudorotaxanes up to four times in comparison to the empty macrocycle, which evidences that the intercalation of phenazines enables a contact between the macrocycle\'s anthracenes. This contact opens up an optimal intrapseudorotaxane charge transport pathway that can be electronically tuned with the nature of the intercalated phenazine. We foresee that this approach will pave the way for the preparation of supramolecular and mechanically interlocked semiconductors based on higher acenes and azaacenes, which may combine the properties of acenes with those of molecular devices and machines.
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